1. Introduction {#sec1-nanomaterials-07-00454}
===============

The fabrication of novel deep ultraviolet (DUV) emitters and high-temperature deep-ultraviolet photodetectors have been major challenges in high-performance optoelectronic research. Recent developments in the exploitation of novel DUV emitter multilayer structures have been reported \[[@B1-nanomaterials-07-00454],[@B2-nanomaterials-07-00454],[@B3-nanomaterials-07-00454]\], based on hexagonal crystal boron nitride (hBN) and II--VI semiconductor heterostructures, tunnel injection of carriers, and polarization-induced p-type doping to potentially overcome the intrinsic problem of low free hole concentration in short-wavelength emitter systems. Similarly, multilayer structures are also widely employed for the development of different types of DUV photodetectors \[[@B4-nanomaterials-07-00454],[@B5-nanomaterials-07-00454]\]. Several high-sensitivity, quick-response DUV photodetectors have been developed \[[@B6-nanomaterials-07-00454],[@B7-nanomaterials-07-00454]\]. Comprehensive reviews of various types of wide band gap semiconductor (WBGS)-based DUV photodetectors have been presented by Sang \[[@B8-nanomaterials-07-00454]\], BenMoussa \[[@B9-nanomaterials-07-00454]\], and Goldsman \[[@B10-nanomaterials-07-00454]\], respectively. Generally, all of these WBGS-based ultra-violet (UV) photodetectors can be classified into the following four types: Schottky barrier, metal-semiconductor-metal diodes, photoconductors, and p-i-n photodiodes \[[@B11-nanomaterials-07-00454]\]. Most of the fabricated WBGS-based devices have been designed specifically for visible-blind UV light detection applications. The main focus of WBGS material research for these DUV photodetectors is on oxide (TiO~2~, ZnO) \[[@B12-nanomaterials-07-00454],[@B13-nanomaterials-07-00454]\], nitride (AlN, GaN, BN) \[[@B14-nanomaterials-07-00454],[@B15-nanomaterials-07-00454],[@B16-nanomaterials-07-00454]\], SiC \[[@B17-nanomaterials-07-00454]\], and diamond \[[@B18-nanomaterials-07-00454],[@B19-nanomaterials-07-00454]\] semiconducting materials, as well as various composites, such as AlGaN and InGaN, etc. \[[@B20-nanomaterials-07-00454],[@B21-nanomaterials-07-00454]\] but most of them cannot be operated at extremely high temperatures up to 400 °C. Relatively, diamond has very high strength, excellent electrical properties, and high temperature stability, which makes it an attractive choice for high temperature. However, no ork related to self-powered diamond-based photodetectors (PDs) has been reported before.

Boron nitride (BN) is one of the most important wide band gap materials for optoelectronic devices, which has received increasing attention due to its excellent chemical inertness, long-term stability when it is operated under high intensity UV light radiation at a high operating temperature \[[@B22-nanomaterials-07-00454],[@B23-nanomaterials-07-00454]\]. It is known that the bulk BN is a direct band gap semiconductor with a band gap up to 5.97 eV. This makes it a good candidate for wide applications in detecting the DUV radiation without the need for solar rejection filters. In addition to solar-blind operation, BN-based photodetectors could achieve large gains and high signal-to-noise ratios.

Interestingly, the features of the very thin two-dimensional (2D) BN nanosheets (BNNSs) are slightly different to that of the BN films and bulk materials. Recent experimental research indicated that BNNSs have a variable band gap width that can be controlled with their sheet edge structures, sheet orientations, and sheet thickness (the numbers of atomic layers in a sheet). For example, an obvious red shift of DUV spectral lines was observed from experiments with a thin BNNS sample that showed a sharp cut-off wavelength down to 254 nm \[[@B24-nanomaterials-07-00454]\], shifting almost 8% from the cut-off wavelength of 230 nm of the bulk BN \[[@B25-nanomaterials-07-00454]\]. Experiments from photoluminescence spectral measurements indicated that energy band gaps of BNNSs can vary following their orientations in a wide range, even as low as 3 eV \[[@B26-nanomaterials-07-00454]\]. All these results suggested that 2D BN nanosheet materials could be more appropriate for applications of high-performance DUV photodetection \[[@B1-nanomaterials-07-00454],[@B4-nanomaterials-07-00454],[@B24-nanomaterials-07-00454]\], capable of having a good selectivity within the UV spectral range and sharp cut-off frequency, combined with the previously-mentioned benefits, such as endurance and chemical inertness. Our preliminary experimental data revealed that the thin BNNS-based photodetector has quicker/shorter response time than that of the thick BN-based detector, indicating its potential applications for high-speed electronic devices. However, the development of high-performance 2D BNNS UV photodetectors is challenging due to the 2D sheet material defects, and poorly-modeled device operation.

The present work extends the state-of-the-art in deep UV photodetectors by using the high-quality crystalline BNNSs to build a controllable Schottky barrier for self-powered high-performance (high-sensitivity, high-stability) DUV photodetectors operating at high temperature up to 400 °C. The experimental data clearly indicated that the obtained responsivity of the newly-designed BNNS-based PDs is much better than the traditional oxide semiconductor-based self-powered PDs.

Furthermore, plasma treatment techniques are used in our work to further enhance the induced photocurrent response and performance of the prototypes. Since a Schottky barrier on very thin 2D BN nanosheets is built, fabrication of self-powered photodetector having a significantly low dark current becomes possible. Various new phenomena, including cut-off wavelength shift, thermal effect, and self-power capabilities, have been studied. The basic properties of the prototypes, such as response strength and sensitivity, response time and recovery time, repeatability, and stability before and after the plasma treatments, have been carefully studied. The newly-fabricated DUV photodetectors appear to have a very stable baseline and excellent repeatability. A responsivity up to 296 mA/W and a signal-to-noise ratio up to 350 have been achieved at zero bias. Even at a 400 °C operating temperature, the newly-fabricated prototypes still display good responsivity, high stability, and excellent repeatability.

2. Experimental Section {#sec2-nanomaterials-07-00454}
=======================

2.1. Synthesis and Basic Characterization of BNNSs {#sec2dot1-nanomaterials-07-00454}
--------------------------------------------------

Several high-temperature DUV photodetectors based on wide band gap oxide semiconductors have been reported recently, but none of them can be operated at a temperature up to 200 °C \[[@B27-nanomaterials-07-00454],[@B28-nanomaterials-07-00454]\]. A good performance of a DUV photodetector directly relies on its wide band gap width material quality, the device design, and fabrication. Our previous experiments have clearly indicated that high-quality BNNS is one of the ideal candidates for high-temperature DUV photodetectors. However, the serious diffusions in the poor quality of BNNSs caused at high operating temperatures would affect the properties of the electronic device. Consequently, the obtained electronics were not able to be operated at temperatures above 300 °C.

Successful syntheses of super-thin 2D boron nitride nanosheets have been carried out by many research groups based on various techniques, including chemical vapor deposition (CVD) \[[@B29-nanomaterials-07-00454],[@B30-nanomaterials-07-00454]\], chemical blowing \[[@B31-nanomaterials-07-00454]\], chemical exfoliation \[[@B32-nanomaterials-07-00454],[@B33-nanomaterials-07-00454]\], ball milling process \[[@B34-nanomaterials-07-00454]\], micromechanical cleavage \[[@B35-nanomaterials-07-00454]\], and liquid exfoliation \[[@B36-nanomaterials-07-00454]\], where the main method for achieving large BNNSs relies on CVD. However, the growth rate with CVD is relatively low \[[@B26-nanomaterials-07-00454],[@B29-nanomaterials-07-00454],[@B30-nanomaterials-07-00454]\], and it is also possible to have impurities because CVD precursors usually contain multiple component substances \[[@B37-nanomaterials-07-00454]\]. Furthermore, high temperatures up to 1000 °C in CVD process \[[@B26-nanomaterials-07-00454],[@B30-nanomaterials-07-00454]\] would possibly vaporize the impurities inside the chamber, which would also result in internal stresses that might affect the crystalline BNNSs.

In this present work, a short laser pulse produced plasma beam deposition technique is used, with which either contamination or internal stresses can be largely avoided during synthesis of crystalline BNNSs. A detailed description of pulsed laser-produced plasma beam deposition technique can be found in our previous paper \[[@B38-nanomaterials-07-00454]\]. Briefly, a high power CO~2~ laser beam (pulse energy: 5 J; pulse width: 2 µs; repetition frequency: 5 Hz) is focused onto a rotated hexagonal BN target with a laser power density around 2 × 10^8^ W/cm^2^ per pulse. Silicon wafers as substrates are used, and placed 4.5--5 cm away from the plasma source. The temperature of the substrate is 400 °C. The deposition durations are 5 and 50 min, respectively, for obtaining the desired thicknesses of the boron nitride samples. Normally, each sample consists of numerous BNNS clusters and each individual BNNS cluster is around 4--5 nm in thickness. The morphologies of the BNNSs are analyzed by using a scanning electron microscope (SEM) and a transmission electron microscopy (TEM). Physical properties are characterized by using the Raman spectrum and XRD, respectively. Finally, BNNS-based, self-powered DUV photodetectors were designed, fabricated, and tested.

2.2. SEM and TEM Analyses {#sec2dot2-nanomaterials-07-00454}
-------------------------

[Figure 1](#nanomaterials-07-00454-f001){ref-type="fig"}a,c show the typical SEM images of the BNNSs deposited on Si substrates with different deposition durations. The sheet structure in [Figure 1](#nanomaterials-07-00454-f001){ref-type="fig"}a is clearly visible. Entire surfaces (1 × 1 cm) of the substrates are covered with BNNS clusters. The average size of a continuous BNNS is approximately 4--10 µm^2^. The surfaces of the samples appear quite rough, because each boron nitride nanosheet cluster in the sample has a random orientation.

In order to understand the quality of the fabricated BNNSs, TEM is also employed for further structural characterizations, as shown in [Figure 1](#nanomaterials-07-00454-f001){ref-type="fig"}b, where the ultra-thin BNNSs were collected by directly scratching of the BNNSs from the sample ([Figure 1](#nanomaterials-07-00454-f001){ref-type="fig"}a). The TEM image shows the as-grown film, which consists of multiple BNNS clusters that overlap each other. Each BNNS cluster is highly transparent. A partial wrinkle in the nanosheets is also observed, which is possibly caused by perturbations induced by the scratching of the BNNSs from the sample to a template for TEM measurements.

[Figure 1](#nanomaterials-07-00454-f001){ref-type="fig"}c shows the SEM of a thick and opaque BN layer/sheet prepared with a much longer deposition time. Detailed discussion on the difference between thick and thin BNNSs can be found in our previous paper \[[@B39-nanomaterials-07-00454]\]. Within the first 5 min of deposition, the obtained super-thin BNNSs appear to be highly transparent. Each BNNS with a precise shape is clearly visible, indicating a good crystalline structure. The long duration of synthesis yields thick BNNSs, but once beyond a critical layer thickness, which depends on stress/strain and the chemical potential of the deposited film, growth continues through the nucleation and coalescence of adsorbate 'islands', causing a more delicate influence on a structural transformation, and finally forming an opaque BN layer/sheet with random edge structures at the top surface of the sample. In most cases, such an opaque BNNS has poor crystalline structures. Clearly, the thickness of the obtained BNNSs prepared for 50 min exceeds the critical dimension that changes the growth mechanism, and forms a poor crystalline structure of the BNNSs. It should be mentioned that no obvious changes in the morphologies of the BNNS sample before and after plasma treatment are found from their SEM and TEM images. In the present cases, all of the plasma treatments are based on the low-temperature, low-power, radio-frequency (RF) plasma source. The detailed discussions of the plasma source and plasma effect are presented in the section regarding the plasma effect on the response of the photodetector.

2.3. Raman Analyses {#sec2dot3-nanomaterials-07-00454}
-------------------

A Raman system (JEOL Ltd. JSM-6340F, Tokyo, Japan) with triple monochromators and an Ar^+^ ion laser (\~2 mW with an excitation light of 514 nm) was used to characterize the Raman scattering spectra of the BNNSs. An Olympus microscope with an 80× microscope objective focuses the laser beam giving a spot diameter of 2--3 µm on the BNNS sample surface. The accumulation time is 30 s for the measurement. The sample surface morphology remains nearly unchanged before and after Raman spectral measurements, indicating there is no annealing effect with an accumulation time of 30 s. A detailed description of our Raman system was presented in our previous paper \[[@B17-nanomaterials-07-00454]\]. The Raman scattering data of the BNNSs are depicted in [Figure 2](#nanomaterials-07-00454-f002){ref-type="fig"}.

A sharp Raman at 1366 cm^−1^ directly corresponds to the active E~2g~ mode of h-BN \[[@B40-nanomaterials-07-00454]\]. This narrow Raman spectral profile suggests that the pulse laser-produced plasma deposition technique yields high-quality BNNSs. High background noise is probably due to a short accumulation time in Raman measurement and super thin BNNSs. A good method for studies of crystalline structures of very thin samples is low-energy electron diffraction (LEED) spectroscopy. Detailed characterizations of highly-transparent BNNS and opaque BNNS samples can be found from our previous paper \[[@B41-nanomaterials-07-00454]\]. After plasma treatment, the Raman spectral line of BNNSs still appear to have a narrow peak. Two very small changes have been observed from the magnified spectral lines, as shown in the insert in [Figure 2](#nanomaterials-07-00454-f002){ref-type="fig"} after comparing two lines before and after the treatment. The first is the Raman active E~2g~ mode of the sample with the hexagonal phase shifts from 1365 cm^−1^ to 1362 cm^−1^. The second is that the Raman peak after the treatment appears to have a better symmetric profile, suggesting less contamination concentration or contamination effect on the treated BNNS sample. Slight asymmetry of the spectral profile before the treatment usually indicates the existence of small defect concentrations or contaminations in BNNSs. This has been confirmed with the experimental data obtained from XRD measurements.

As a comparison, Raman measurements of a thick, opaque BNNS sample are also carried out, and the data are presented in [Figure 3](#nanomaterials-07-00454-f003){ref-type="fig"}. A weak and broadened peak at 1361 cm^−1^ related to hBN is observed that provides direct evidence that these opaque BNNSs have a poor quality in their crystalline structures. Furthermore, a peak located at 1593 cm^−1^ related to the contribution from carbon is also observed. After plasma treatment, the carbon component on the surface of the sample has been removed or cleaned up, largely, whereas there is no obvious improvement of the Raman spectral profile related to the quality of the BNNS sample. Therefore, in the following sections, the main work on the development of DUV photodetectors is based on high-quality BNNSs samples ([Figure 1](#nanomaterials-07-00454-f001){ref-type="fig"}a).

2.4. XRD Analyses {#sec2dot4-nanomaterials-07-00454}
-----------------

[Figure 4](#nanomaterials-07-00454-f004){ref-type="fig"} shows a typical XRD of the first BNNS sample ([Figure 1](#nanomaterials-07-00454-f001){ref-type="fig"}a) before and after plasma treatment. A strong XRD peak at 29.6° is related to the contribution of Si substrate. The peak at 2θ = 26.9° is assigned to hBN. A very small peak at 2θ = 28.6° is associated with a boron oxide (B~2~O~3~) component presented in the BNNSs. A small amount of oxygen is probably from the residual gas in the deposition chamber during synthesis or from the air during the transportation to characterization chambers. Plasma treatment can effectively remove most of the oxygen component from the sample. As a result, the XRD signal of the B~2~O~3~ component decreases significantly in its spectral intensity, as shown in [Figure 4](#nanomaterials-07-00454-f004){ref-type="fig"}. This is in good agreement with the experimental data obtained from the Raman measurements.

3. Results and Discussions {#sec3-nanomaterials-07-00454}
==========================

3.1. Fabrication of the Prototype and Characterization of Its Electrical Properties {#sec3dot1-nanomaterials-07-00454}
-----------------------------------------------------------------------------------

To the best of our knowledge, almost all reported self-powered DUV photodetectors were based on the ZnO, TiO, or GaN materials \[[@B42-nanomaterials-07-00454],[@B43-nanomaterials-07-00454],[@B44-nanomaterials-07-00454],[@B45-nanomaterials-07-00454],[@B46-nanomaterials-07-00454],[@B47-nanomaterials-07-00454]\], and little success has been made for the operation of BN-based self-powered DUV photodetectors.

In order to develop high-performance, self-powered BNNS-based DUV photodetectors, a Schottky barrier is fabricated on high-quality crystalline BN nanosheets at first. The alignment of the Fermi level of the metal and the semiconductor gives a barrier for the electrons \[[@B48-nanomaterials-07-00454],[@B49-nanomaterials-07-00454]\]. In the present case, the Schottky barrier is formed at the interface between the Au and the BNNS. Since active layer is extremely thin, it is expected that the entire region of the BNNS would be almost depleted.

The process flow for fabrication of self-powered BNNS-based DUV photodetectors is presented in [Figure 5](#nanomaterials-07-00454-f005){ref-type="fig"}a. The BNNS-based membrane with a thickness around 0.3--0.4 µm is used as an active layer for the prototype. Au and Al electrodes 70--80 nm thick are deposited, respectively, onto two sides of the surface of the as-grown BNNS active layer using the plasma sputtering deposition technique. Then, another Au protective coating is deposited onto the Al electrode in order to avoid corrosion. The total exposure area of the active layer is 1.0 × 5 mm. The structure of the prototype is simple, and the fabrication is fast. After annealing at 200 °C for 30 min, the prototype is electrically characterized first, and followed by measurements of responsivity to DUV radiation.

[Figure 5](#nanomaterials-07-00454-f005){ref-type="fig"}b shows a schematic band diagram of the Au--BNNS Schottky contact under UV light illumination. According to the Schottky-Mott theory, the Schottky barrier qΦ~b~ can be predicted from the difference between the work function of the metal and the affinity of the semiconductor. This barrier controls the current flow, but it can be modulated with an external voltage. Furthermore, the Schottky barrier is also likely to be a function of the interface atomic structure, and atomic heterogeneities at the metal-semiconductor interface, as well as the operating temperature \[[@B50-nanomaterials-07-00454],[@B51-nanomaterials-07-00454]\]. For example, dark currents increase at higher measurement temperatures. Generally, drift current is the dominating current (dark current) in photoconductive (PC) mode and varies directly with the temperature. In photovoltaic (PV) mode, the diffusion current is the dominating current, which determines the shunt resistance. It varies with the square of the temperature. Thus, the change in temperature affects the photodetector more in photovoltaic mode than in the photoconductive mode of operation. The exact change relies on additional parameters, such as the applied reverse voltage, the bulk resistivity, dopant, concentration, and the thickness of the bulk substrate. Since the noise currents are generated as a result of dark current (shunt resistance), the higher the temperature, the higher the noise will be in the photodetector. The variation of the electrical properties of the Schottky barrier can be attributed to combined effects.

The current-voltage (I--V) properties at different temperatures are characterized using an HP34401 (Keysight Technologies, Santa Rosa, CA, USA) and a Keithley 6517 A multimeter controlled (Keithley, Cleveland, OH, USA) via LabVIEW software (Keysight Technologies, Santa Rosa, CA, USA). The measurements are conducted in standard ambient conditions. [Figure 6](#nanomaterials-07-00454-f006){ref-type="fig"} presents the typical I−V characteristics of the prototype operating at 25, 300, and 400 °C, respectively. Nonlinear current-voltage curves are clearly visible. In the reverse bias region, there is only a very low reverse saturation current through the device at room temperature, indicating the backward current is largely blocked. In contrast, the forward current increases slowly, and then quickly, with an increase of the forward voltage. The complete I--V curve appears to have a typical behavior of a simple Schottky diode. Its tendency to conduct electric current is only in one direction. A variation of temperature significantly affects the backward current as seen in [Figure 6](#nanomaterials-07-00454-f006){ref-type="fig"}, but forward current-voltage curves remain almost unchanged. This might suggest that high temperature would cause a decrease in the Schottky barrier, resulting in the increase of reverse electric current. A detailed discussion of doping, electron mobility, and concentration related charge carrier transport properties in layer structured hexagonal boron nitride can be found in Jiang's papers \[[@B52-nanomaterials-07-00454],[@B53-nanomaterials-07-00454]\]. In contrast to the electrical transport properties of traditional III-nitride wide band gap semiconductors, the temperature dependence of the hole mobility in hBN can be described by the form of μ ∞ (T/T~0~)^−α^ with α = 3.02, satisfying the two-dimensional (2D) carrier transport limit dominated by the polar optical phonon scattering. This behavior is a direct consequence of the fact that hBN is a layer-structured material. It should be mentioned here that the present work focuses on the high-temperature performance of self-powered UV photodetectors, which do not need a power supply or a bias voltage. Therefore, no characterizations of the I--V properties under different UV illuminations were conducted.

3.2. Response at Zero Bias to Various UV Wavelengths at Different Intensities {#sec3dot2-nanomaterials-07-00454}
-----------------------------------------------------------------------------

After fabrication, characterizations of the responses of the prototype to 250 nm UV light with different light intensities are carried out. The fabricated prototype operates in photovoltaic mode \[[@B8-nanomaterials-07-00454]\]. Therefore, the yielded dark current is weak, and the obtained signal-to-noise ratio is high.

[Figure 7](#nanomaterials-07-00454-f007){ref-type="fig"}a shows the induced photocurrent responses at room temperature when the device is cycled with a period of 2 min between the "switch-on" and "switch-off" of 250 nm UV radiation at different intensities. [Figure 7](#nanomaterials-07-00454-f007){ref-type="fig"}b shows time responses of the device to 250 nm exposure at an intensity of 1 mW/cm^2^. When the prototype is exposed to 250 nm radiation, the induced photocurrent quickly rises at first, and then reaches a stable value. When the UV light is turned off, the induced photocurrent quickly decreases, and then gradually decays to zero, as shown in [Figure 7](#nanomaterials-07-00454-f007){ref-type="fig"}a. The induced photocurrent could be attributed to DUV photons absorption. The prototype has very good repeatability and stability features. The obtained maximum photocurrent is 34 nA and dark current is 2 nA, yielding a signal-to-noise ratio up to 17. Since the 250 nm light power on the active layer (exposed area: \~5 mm^2^) is 50 µW, the estimated sensitivity (total yielded photocurrent/total light power on the active layer) of the prototype is around 0.7 mA/W. This value is almost 78 times larger than the previously-reported results obtained either from BNNS-based or oxide semiconductor-based DUV photodetectors \[[@B23-nanomaterials-07-00454],[@B47-nanomaterials-07-00454]\].

Following the decrease of 250 nm light intensity on the BNNS active layer of the prototype from 1.0 mW/cm^2^ to 0.25 mW/cm^2^, there is no obvious photocurrent decrease, but once the DUV light intensity drops to 0.02 and 0.005 mW/cm^2^, the generated photocurrent drops to 29 and to 23 nA, respectively. Correspondingly, a larger value of sensitivity (induced photocurrent/total incident light power) up to 80 mA/W is obtained. The phenomenon related to a small value of the sensitivity at intense light illumination is probably due to the saturation of light absorption.

It is found from [Figure 7](#nanomaterials-07-00454-f007){ref-type="fig"}a that the response time of each cycle varies. The response times at the first few cycles are long, and then become short after the first several cycles are completed. This variation in time is dependent on many factors such as the DUV wavelengths, Schottky barriers, operating temperature, and environment humidity content, among others. This was discussed before in the case of SiC-based DUV photodetectors \[[@B17-nanomaterials-07-00454]\].

In order to analyze the change in response time, a high-resolution Cobox interface is used to re-measure the response time of the device. Typical results are presented in [Figure 7](#nanomaterials-07-00454-f007){ref-type="fig"}b, from which the response time of the device can be estimated around 1.6 s and the recovery time around 17 s. The actual response time and recovery time might be shorter, because of the delay in reaching the full intensity after turning on the lamp, and the fluorescence after turning off the lamp.

As a comparison, measurements of the induced photocurrent responses to 300 nm and 350 nm light are also performed and the results are shown in [Figure 8](#nanomaterials-07-00454-f008){ref-type="fig"}a,b, respectively. Clearly, the response strength or yielded photocurrent from the device exposed to 300 nm radiation was weak, around foiur times less than that of 250 nm light at the same intensity, indicating the fabricated BNNS-based detector is more sensitive to a shorter UV wavelengths. The obtained response time is also slightly longer. These features could be directly attributed to BNNS material electronic properties such as large band gap width and band structures. No obvious cut off response is observed, although the response strength to 300 nm light is weak and its response time is long.

Here it needs to be pointed out that in the last cycle the time duration for switch-on of the 300 nm UV radiation with the light intensity of 0.02 mW/cm^2^ is 2 min (120 s), in order to investigate the truly stable state of response. Clearly, after the rise time, the response strength at zero bias appears very stable, as shown in [Figure 8](#nanomaterials-07-00454-f008){ref-type="fig"}a. However, the obtained photocurrent from the device to 350 nm UV light at 1 mW/cm^2^ irradiance is extremely weak, less than 0.5 nA, and the signal-to-noise ratio is poor. The weak light-induced photocurrent is largely merged with relatively strong background noise, but the light-induced photocurrent is still detectable, as shown in [Figure 8](#nanomaterials-07-00454-f008){ref-type="fig"}b.

Interestingly, a slight increase of the bias from zero to one voltage would effectively enhance the yield of photocurrent from the prototype. For example, the applied backward bias of 1 V would result in an induced photocurrent up to 180 nA. In contrast, the forward bias of 1 V generated an 80 nA photocurrent from the device exposed to 350 nm UV radiation at 1 mW/cm^2^. The forward bias normally causes strong dark current and noise. This is in good agreement with the results obtained from the I--V characterization above.

3.3. Temperature Effect {#sec3dot3-nanomaterials-07-00454}
-----------------------

In addition to the bias effect, experiments are also carried out to investigate the temperature effect on the properties of BNNS-based DUV photodetectors. Several groups previously reported their achievements to have high-temperature DUV photodetectors based either on multi-layered oxide semiconductors \[[@B27-nanomaterials-07-00454]\] or on SiC material \[[@B17-nanomaterials-07-00454],[@B28-nanomaterials-07-00454]\], but none of these reported detectors could operate well at a temperature above 200 °C. Therefore, it is necessary to study the high-temperature effect on new BNNS-based DUV photodetectors. [Figure 9](#nanomaterials-07-00454-f009){ref-type="fig"} shows the thermal effect on the photocurrent response of the device to (a) 250, (b) 300, and (c) 350 nm light at 1 mW/cm^2^ irradiance, respectively, in a photovoltaic mode.

Compared with the responses at room temperature shown in [Figure 7](#nanomaterials-07-00454-f007){ref-type="fig"}a, it is found that the obtained light-induced photocurrents at a large temperature range (25--150 °C) remain nearly unchanged, which indicates the performance of the newly-fabricated BNNS-based DUV photodetector is unperturbed by temperature in this range. This feature is due to the high-stability properties of boron nitride materials.

A further increase of operating temperature to 250 °C, the thermal noise becomes visible, and the induced photocurrent drops to 15 nA. However, the prototype still runs well with excellent stability and repeatability features, as shown in [Figure 9](#nanomaterials-07-00454-f009){ref-type="fig"}a. Those characteristics are obviously better than that of either oxide semiconductor-based or SiC-based photodetectors. However, once the operating temperature increases up to 400 °C, the thermal noise strength further increases, and the induced photocurrent decreases to 2.7--3.1 nA. When tested under 300 nm radiation, a much better response is observed that the induced photocurrent at the zero bias increases to 56.8 nA with an increase of the operating temperature to 150 °C, whereas the generated thermal noise is still extremely weak. These data suggest that an increase of the operating temperature would improve both device response and output signal-to-noise ratio at 300 nm wavelength, as shown in [Figure 9](#nanomaterials-07-00454-f009){ref-type="fig"}b. Following the increase of temperature to 400 °C, the induced photocurrent reduces to 14.2 nA, but no obvious thermal noise is observed. It is found that a high operating temperature would also obviously improve the response time/rise time and recovery time. For example, at room temperature, the obtained rise time is around a few seconds ([Figure 8](#nanomaterials-07-00454-f008){ref-type="fig"}b), but once the temperature is up to 400 °C, the rise time becomes much shorter, less than 300 ms ([Figure 9](#nanomaterials-07-00454-f009){ref-type="fig"}b). The obtained experimental data clearly demonstrate that the BNNS-based DUV detector has excellent performance, including short response time, high induced photocurrent, high baseline stability, and good repeatability, in a wide temperature range.

A similar phenomenon is also observed from the device exposed to 350 nm UV radiation. As shown in [Figure 9](#nanomaterials-07-00454-f009){ref-type="fig"}c the response strength/induced photocurrent is up to 22.4 nA with an increase of temperature from 25 °C to 150 °C, and then decreases from 22.4 nA to 12.2 nA, and to 2.2 nA with a continuous increase of temperature from 150 °C to 400 °C. All parameters have been listed in [Table 1](#nanomaterials-07-00454-t001){ref-type="table"}.

It is also observed that an increase of the operating temperature would result in shortening the response time/rise time and recovery time. From the obtained experimental data above, we can conclude that the temperature effect is more obvious on the photocurrent induced at longer DUV wavelengths than that at shorter DUV wavelengths. For example, with a temperature change from 20 °C to 150 °C, the 250 nm light-induced photocurrent remains nearly unchanged around 34 nA. In contrast, 300 nm light-induced photocurrent increases almost 6--7 times from 9 nA to 56.8 nA, while 350 nm light-induced photocurrent increases almost 100 times from 0.14 nA to 22.4 nA. These changes are expected to be related to the band gap structures.

3.4. Plasma Treatment {#sec3dot4-nanomaterials-07-00454}
---------------------

It has been found in the recent experiment that the plasma treatment would largely enhance the induced photocurrent of BNNS-based DUV photodetectors. An argon plasma source created at 100 mTorr pressure by a Harrick Plasma device is used to treat each BNNS sample for 40 min. In order to minimize possible damage by energetic ions, a low RF power (10--15 W) is applied to the coil to create a low-temperature plasma source. After the treatment, all measurements have been re-conducted. [Figure 10](#nanomaterials-07-00454-f010){ref-type="fig"} shows the typical induced photocurrent responses at room temperature when the device is cycled with a period of 2 min between the "switch-on" and "switch-off" light of (a) 250, (b) 300, and (c) 350 nm, at different intensities.

Three differences in the responses or sensitivities of the device before and after plasma treatment can be easily distinguished. First, the induced photocurrent of the device exposed to 250 nm light at 1 mW/cm^2^ intensity at room temperature enhances from 34 nA to 162.7 nA, whereas its dark current falls to 0.4 nA, giving rise to a signal-to-noise ratio up to 350. This value is almost 20 times larger than that without the plasma treatment. Secondly, the estimated sensitivity of the prototype after plasma treatment up to 3.5 mA/W is obtained at saturation conditions (with 250 nm light at 1 mW/cm^2^), whereas the obtained maximal sensitivity at the condition without saturation can reach up to 296 mA/W. Finally, the prototype exposed to either 300 nm or 350 nm light appears to have a poor response strength and poor response time after the plasma treatment. As seen in [Figure 10](#nanomaterials-07-00454-f010){ref-type="fig"} the photocurrent generated by 300 nm light exposure at the same intensity declines from 9 nA before to 1.5 nA after the treatment, and the photocurrent created by 350 nm light is only 0.33 nA. Following the decrease of light intensities from 1.0 mW/cm^2^ to 0.25 mW/cm^2^, 0.03 mW/cm^2^, and then to 0.005 mW/cm^2^, the photocurrents corresponding to 250 nm illumination slightly decreases from 162 nA to 139 nA, 105 nA and then 67 nA. In contrast, the induced photocurrent by 300 nm light drops from 1.5 nA to 0.85 nA, 0.53 nA, and then 0.11 nA, as shown in [Table 2](#nanomaterials-07-00454-t002){ref-type="table"}.

Different thermal effects on the induced photocurrent response of the prototype to 350 nm UV light after the plasma treatment are also characterized, and the results are shown in [Figure 11](#nanomaterials-07-00454-f011){ref-type="fig"}. Experiments indicate the light-induced photocurrents are 81 nA for 250 nm light, 26 nA for 300 nm, and 0.64 nA for 350 nm at the operating temperature of 150 °C. Compared with the temperature effects on the response before the plasma treatment as shown in [Figure 9](#nanomaterials-07-00454-f009){ref-type="fig"} and [Figure 11](#nanomaterials-07-00454-f011){ref-type="fig"}, 250 nm light-induced photocurrent increases around 3--4 times after plasma treatment at the same light intensity, but decreases down to 2.5 times for 300 nm light and 35 times for 350 nm. This is in good agreement with the result obtained from the comparison of data from [Figure 7](#nanomaterials-07-00454-f007){ref-type="fig"}a, [Figure 8](#nanomaterials-07-00454-f008){ref-type="fig"} and [Figure 10](#nanomaterials-07-00454-f010){ref-type="fig"} at room temperature.

Following an increase of operating temperature from 150 °C to 400 °C, the thermal noise became slightly stronger, as seen in [Figure 11](#nanomaterials-07-00454-f011){ref-type="fig"}a, while the induced photocurrent quasi-lineally drops from 162 nA at room temperature to 18 nA at 400 °C when exposed to 250 nm light.

In contrast to the case with 300 nm light exposure, the induced photocurrent increases up to 26 nA at 150 °C at first, and then decreases down to 2.4 nA at 400 °C. Relatively, 350 nm light-induced photocurrent is weak. Following an increase of temperature from room temperature to 150 °C and then to 250 °C, 350 nm light-induced photocurrent increases from 0.3 nA to 0.6 nA, and then to 2.9 nA, but at the operating temperature up to 400 °C, no more signal can be detected as shown in [Figure 11](#nanomaterials-07-00454-f011){ref-type="fig"}c.

Summarizing the experimental data mentioned above, we may conclude that there is a shift in the cutoff wavelength in BNNSs synthesized using the pulse laser plasma deposition method. Many efforts have been conducted towards developing BN nanomaterial energy band gap width modulation techniques. Different orientations and edge structures of 2D BNNSs could result in different energy band gap widths from 5.5 eV down to 3.3 eV that have been recently experimentally proved by using cathode luminescence (CL) spectra \[[@B26-nanomaterials-07-00454]\].

Recent theoretical calculations also predicted two-dimensional (2D) materials, including BNNSs, would have a narrowed band gap and improved conductivity tuned by an external electric field \[[@B54-nanomaterials-07-00454]\], edge structures \[[@B55-nanomaterials-07-00454]\], and thickness \[[@B56-nanomaterials-07-00454]\]. One of the expectations is recently proved by measuring the electric and electronic properties of boron nitride nanoribbons via boron nitride nanotube unwrapping through plasma etching \[[@B57-nanomaterials-07-00454]\]. The theoretical calculation gives a valuable experimental implication: intriguing electrical and electronic properties or band gap width of the BNNSs can be precisely and effectively engineered by control of edge structures and electric fields \[[@B54-nanomaterials-07-00454],[@B58-nanomaterials-07-00454]\], or even by strain \[[@B59-nanomaterials-07-00454]\].

Chemical (doping or impurity) manipulation is another powerful method to achieve controllable band gap structure-related electronic properties of 2D sheet materials \[[@B60-nanomaterials-07-00454],[@B61-nanomaterials-07-00454]\]. For example, hydrogen treatments can effectively manipulate the band gap width of the BNNSs. Obvious red shifts of Raman spectral lines, X-ray diffraction peaks, and Fourier Transform Infra-red (FTIR) transmittance spectra were observed, respectively \[[@B62-nanomaterials-07-00454]\].

Since the present active layer is composed of a large amount of BNNS clusters with random orientations and different edge structures, it is possible to modify the band gap structures. Furthermore, a low concentration of impurity existing in the active layer would play a similar role as weak doping in BNNSs, resulting in a slightly manipulated band gap structure that improves the 300 nm light-induced photocurrent as shown in [Figure 8](#nanomaterials-07-00454-f008){ref-type="fig"}a. An increase of operating temperature would further enhance impurity activity. Correspondingly, it would generate a stronger photocurrent by longer wavelength DUV light, as shown in [Figure 9](#nanomaterials-07-00454-f009){ref-type="fig"}. However, once plasma treatment is performed, the impurity on the surface of the BNNSs would be largely removed as shown in [Figure 4](#nanomaterials-07-00454-f004){ref-type="fig"} that weakens the doping effect. As a result, either 300 nm or 350 nm light-induced photocurrent from the prototype would significantly decrease, whereas the 250 nm light-induced photocurrent increases. Based on Mendoza's model \[[@B63-nanomaterials-07-00454]\], we could conclude that the band gap width shift to 5 eV (related to 250 nm light) is due to the sheet orientation distribution and its shift to 4.13 eV (related to 300 nm light) is because of impurity contributions. In fact, the feature of the band gap shift can also be characterized using a Tauc plot from the absorbance spectrum. Unfortunately, the direct absorption spectral measurement setup is not available in our laboratories. Although the general understanding is that the response strength is associated with the band gap electronic properties, the exact relationships between the thickness, orientations, and edge structures of BNNS materials and the band gap structure or width related cutoff wavelength shift are still not very clear. All those questions need to be studied further.

4. Conclusions {#sec4-nanomaterials-07-00454}
==============

The experiments demonstrated that the BNNS-based self-powered DUV photodetector has excellent performance, including quick response time, large photocurrent, high baseline stability, and good repeatability within a wide temperature range up to 400 °C. At room temperature, the obtained signal-to-noise ratio is up 17. The obtained response before plasma treatment is up to 0.7 mA/W which is almost 78 times larger than that previously reported from either BNNS-based or oxide semiconductor-based DUV photodetectors. After plasma treatment, the obtained maximal response is 296 mA/W.

It is found that the response strength of the device exposed to 300 nm light is almost 4--5 times less than that to 250 nm light, whereas 350 nm light-induced photocurrent is \~40 times less than that of 300 nm light at the same radiation intensity. When the temperature increases to 150 °C, the obtained 250 nm light-induced photocurrent remains nearly the same, indicating that the performance of the fabricated BNNS-based DUV photodetector is unperturbed by temperature in a wide range from 20 °C to about 150 °C. In contrast, the 300 nm light-induced photocurrent would increase up to 60 nA, almost two times higher than that with 250 nm light radiation. Similarly, 350 nm light-induced photocurrent increases up to 20 nA.

It can be concluded that an increase of the operating temperature would improve both the device's response and output signal-to-noise ratio at longer DUV wavelengths. When the operating temperature is up to 400 °C, the fabricated device still performs well in response strength, stability, and repeatability. It is also found that high operating temperatures would notably improve the rise time and decay time. The rise time becomes much shorter, less than 300 ms.

It can also be concluded that plasma treatment could significantly enhance the 250 nm light-induced photocurrent from 34 nA to 150 nA, whereas its dark current decreases down to 0.4 nm, giving rise to a signal-to-noise ratio up to 350. This value is almost 20 times higher than the device without the treatment.
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![SEM images of BNNS samples prepared on Si substrates for different durations (**a**) 5, and (**c**) 50 min; and (**b**) TEM image of a selected surface area from the BNNS sample ([Figure 1](#nanomaterials-07-00454-f001){ref-type="fig"}a).](nanomaterials-07-00454-g001){#nanomaterials-07-00454-f001}

![Raman scattering spectra of the BNNS sample ([Figure 1](#nanomaterials-07-00454-f001){ref-type="fig"}a) before and after plasma treatments.](nanomaterials-07-00454-g002){#nanomaterials-07-00454-f002}

![Raman scattering spectra of the BNNS sample ([Figure 1](#nanomaterials-07-00454-f001){ref-type="fig"}c) before and after plasma treatment.](nanomaterials-07-00454-g003){#nanomaterials-07-00454-f003}

![XRD spectra of the BNNS sample ([Figure 1](#nanomaterials-07-00454-f001){ref-type="fig"}a) before and after plasma treatment.](nanomaterials-07-00454-g004){#nanomaterials-07-00454-f004}

![(**a**) Process flow for fabrication of self-powered BNNS-based DUV photodetectors; and (**b**) schematic energy band diagram of the Au--BNNS Schottky contact under UV light illumination.](nanomaterials-07-00454-g005){#nanomaterials-07-00454-f005}

![Current-voltage characteristics of the prototype at different temperatures.](nanomaterials-07-00454-g006){#nanomaterials-07-00454-f006}

![(**a**) Induced photocurrent responses at room temperature when the device is cycled with a period of 2 min between the "switch-on" and "switch-off" of 250 nm UV light at different intensities; and (**b**) the time response of the device to 250 nm radiation at 1 mW/cm^2^. RT: room temperature; λ: wavelength; B: bias.](nanomaterials-07-00454-g007){#nanomaterials-07-00454-f007}

![Induced photocurrent responses at room temperature, when the device is cycled with a period of 2 min between the "switch-on" and "switch-off" of (**a**) 300 nm, and (**b**) 350 nm UV light at different intensities. RT: room temperature; λ: wavelength; B: bias.](nanomaterials-07-00454-g008){#nanomaterials-07-00454-f008}

![Thermal effect on the photocurrent response of the zero-biased device exposed to (**a**) 250; (**b**) 300; and (**c**) 350 nm UV radiation at a light intensity of 1 mW/cm^2^.](nanomaterials-07-00454-g009){#nanomaterials-07-00454-f009}

###### 

Responses of the prototype with plasma treated active layer to different intensities of (**a**) 250; (**b**) 300; and (**c**) 350 nm UV light. RT: room temperature; λ: wavelength. B: bias.

![](nanomaterials-07-00454-g010a)

![](nanomaterials-07-00454-g010b)

![Temperature effect on the response of the zero-biased prototype exposed to (**a**) 250; (**b**) 300; and (**c**) 350 nm light at 1 mW/cm^2^ intensity after plasma treatment.](nanomaterials-07-00454-g011){#nanomaterials-07-00454-f011}

nanomaterials-07-00454-t001_Table 1

###### 

The induced photocurrents at different light intensities and temperatures.

  --------------------------------------------- -------------- --------- --------- --------- -------
  **T = RT, before plasma treatment**                                                        
                                                I (mW/cm^2^)   1         0.25      0.02      0.005
  Light (λ)                                                                                  
  250 nm                                        34 nA          33 nA     29 nA     23 nA     
  300 nm                                        9 nA           5.5 nA    2.7 nA    0.8 nA    
  350 nm                                        0.14 nA        \-        \-        \-        
  **I = 1 mW/cm^2^, before plasma treatment**                                                
                                                T (°C)         RT        150       250       400
  Light (λ)                                                                                  
  250 nm                                        34 nA          30 nA     14 nA     2.7 nA    
  300 nm                                        9 nA           56.8 nA   53 nA     14.2 nA   
  350 nm                                        0.14 nA        22.4 nA   12.2 nA   2.2 nA    
  --------------------------------------------- -------------- --------- --------- --------- -------

nanomaterials-07-00454-t002_Table 2

###### 

The induced photocurrents at different light intensities and temperatures.

  -------------------------------------------- -------------- --------- --------- --------- -------
  **T = RT, after plasma treatment**                                                        
                                               I (mW/cm^2^)   1         0.25      0.02      0.005
  Light (λ)                                                                                 
  250 nm                                       162.7 nA       139 nA    105 nA    67 nA     
  300 nm                                       1.5 nA         0.85 nA   0.53 nA   0.11 nA   
  350 nm                                       0.33 nA        0.18 nA   \-        \-        
  **I = 1 mW/cm^2^, after plasma treatment**                                                
                                               T (°C)         RM        150       250       400
  Light (λ)                                                                                 
  250 nm                                       162.7 nA       81 nA     29 nA     18 nA     
  300 nm                                       1.5 nA         26 nA     17.8 nA   2.4 nA    
  350 nm                                       0.33 nA        0.64 nA   2.9 nA    \-        
  -------------------------------------------- -------------- --------- --------- --------- -------
